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THERMAL RESISTANT ENVIRONMENTAL 
BARRIER COATING 

U.S. GOVERNMENT RIGHTS 

5 

The invention was made with U.S. Government support 
under Contract NAS3-01138 awarded by NASA. The U.S. 
Government has certain rights in the invention. 

BACKGROUND OF THE INVENTION io 

The present invention relates to a process for the deposition 
of protective coatings on Si-based substrates used in articles 
subjected to high temperature, aqueous environments, and the 
resulting article. 15 

Ceramic materials containing silicon have been proposed 
for structures used in high temperature applications, for 
example, gas turbine engines, heat exchangers, internal com- 
bustion engines, and the like. A particular useful application 
for these materials is for use in gas turbine engines which 20 
operate high temperatures in aqueous environments. It has 
been found that these silicon containing substrates can recede 
and lose mass as a result of a formation volatile Si species, 
particularly Si(OH) x and SiO when exposed to high tempera- 
ture, aqueous environments. For example, silicon carbide 25 
when exposed to a lean fuel environment of approximately 1 
ATM pressure of water vapor at 1200° C. will exhibit weight 
loss and recession at a rate of approximately 6 mils per 1000 
hrs. It is believed that the process involves oxidation of the 
silicon carbide to form silica on the surface of the silicon 30 
carbide followed by reaction of the silica with steam to form 
volatile species of silicon such as Si(OH) x . 

Suitable coatings for articles containing silicon based sub- 
strates which are employed in the environments claimed 
above are well known in the art. See for example U.S. Pat. 35 
Nos. 5,305,726; 5,869, 146; 6,284,325; 6,296,941 ; 6,352,790; 
and 6,387,456. The environmental barrier coatings (EBCs) 
are generally based on a two or three layer design utilizing a 
bond coat, an optional intermediate layer, and an environmen- 
tal protection layer. The bond coat may be, for example, a 40 
dense continuous layer of pure silicon or silicon with a modi- 
fier. The top protective layer may be an alkaline earth alumi- 
nosilicate based on barium and/or strontium or a simple sili- 
cate based system such as yttrium silicate either of which are 
chosen in part by matching the coefficient of thermal expan- 45 
sion (CTE) of the top layer to the under layer and/or substrate. 
Other top layer systems may also be used. An intermediate 
layer, if employed, may be for example, a mixture of the top 
layer with a second phase that in combination serves to pro- 
vide a barrier action and/or to help modify the CTE of the 50 
system. Engine testing to date of EBC designs in combustor 
locations has shown significant benefit for industrial gas tur- 
bines use at temperatures of up to 1200° C. and for durations 
of more than 15,000 hrs. 

Use of these EBC designs as described above, at advanced 55 
surface temperatures of up to 1500° C., especially under 
thermal gradient conditions, have been shown to suffer from 
changes in thermal resistance of the EBC coating. The change 
is due to at least three phenomenon. First, changes in micro- 
structure of the EBC can result due to high temperature expo- 60 
sure. As-fabricated, thermal sprayed structures have a splat 
quenched, layered, non-equilibrium micro structure. On high 
temperature exposure the structure can equilibrate losing the 
splat-quenched microstructure. This loss alters the light scat- 
tering behavior of the structure and this in turn affects radiant 65 
energy transmission through the coating. Second, because of 
densification of the micro structure, the thermal conductivity 
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of the coating increases. Third, at a higher temperature, the 
peak wavelength of emitted light radiation occurs at shorter 
wavelength. This phenomenon can result in effective reduc- 
tion in thermal resistance of the EBC if the EBC is more 
transparent to radiant energy at shorter wavelength. Gener- 
ally, these phenomena are observed at temperatures of 1200° 
C. to 1500° C. for laboratory time scales. 

Naturally, it would be highly desirable to provide improved 
top layers for EBC’s, which are thermally stable at tempera- 
tures up to at least 1500° C. 

Accordingly, it is a principle object of the present invention 
to modify heretofore known top layers for EBC’s so as to 
extend the useful life of the top layer in temperature environ- 
ments of up to at least 1500° C. 

It is a further object of the present invention to provide a top 
layer as aforesaid which includes additives which stabilize as 
fabricated properties and/or affect the mechanisms of thermal 
resistance based on transmission of radiant energy in connec- 
tion with top layers. 

SUMMARY OF THE INVENTION 

The present invention relates to an article comprising a 
Si-based substrate having a protective coating with improved 
thermal resistance with respect to transmission of radiant 
energy at temperatures of up to at least 1500° C. and a process 
for coating a silicon-based substrate with the thermally stable 
protective layer. The article comprises a Si-based substrate 
and at least one protective layer on the substrate, the protec- 
tive layer comprises an additive which either stabilizes the 
as-fabricated structure for high temperature use and/or alters 
the mechanism of thermal resistance of the protective layer. In 
accordance with the present invention, the additive effec- 
tively maintains the scattering centers to inhibit transmitted 
radiant energy and/or exhibits a high emittance in the 0.7 to 5 
micron wavelength region of the electromagnetic spectrum. 
The additive is selected from the group consisting of color 
centers, scattering centers, porous pyrochlore structures 
(A 2 B 2 0 7 ordered where A is one or more rare earth elements 
and B is one or more of Zr, Hf and Ti or defect fluorite 
structures, that is, any rare earth oxide dissolved in Zr, Hf and 
Ti), sacrificial pore formers, and mixtures thereof. The pro- 
cess of the present invention comprises the steps of providing 
a Si-based substrate and depositing a protective coating hav- 
ing an additive(s) which alters the mechanism of thermal 
resistance of the protective coating. In a preferred embodi- 
ment, the protective coating comprises an EBC doped with 
the additive. Alternatively, a top coat is provided which com- 
prises at least the additive. The process provides an article 
characterized by a thermal stability at temperatures up to at 
least 1500° C. 

It has been found that environmental barrier coatings 
(EBC) based on alkaline earth aluminosilicates as the protec- 
tive top layers have exhibited reduced performance at tem- 
peratures of up to at least 1500° C. It has been observed that 
these protective top layers lose their original white, opaque 
appearance at these elevated temperatures and change toward 
a colorless, semi-transparent, translucent surface. Subse- 
quent failure of the Si -based substrate during gradient ther- 
mal testing due to an over temperature condition of the sub- 
strate has been attributed to the decreased thermal resistance 
of the EBC layer as a result of the foregoing change in visual 
appearance. It has been found that the change of appearance 
results in an increased radiative transmission of heat energy 
through the EBC as the original micro structure of the EBC is 
altered and the EBC becomes more translucent to the radia- 
tive heat energy. 
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It has been found in accordance with the present invention 
that the protective coating and/or top layer is able to have its 
use for life extended by altering the mechanism of thermal 
resistance of the EBC and/or top layer. In accordance with the 
present invention, the mechanism of thermal resistance of the 
EBC and/or top layer is altered and the use for life of the EBC 
is extended by providing an additive in the EBC and/or in or 
as a top coat which inhibits transmission of radiant energy in 
the wavelength region between 0.7 to 5 microns. 

DETAILED DESCRIPTION 

Doping the EBC and/or adding a top layer to the EBC with 
cations having or forming incomplete d-shell electron con- 
figurations, or to a lesser extent incomplete F-shell configu- 
rations, can lead to very strong color centers affecting trans- 
mission of heat energy in the desired micron wavelength 
region of the electromagnetic spectrum. General candidates 
for surface layers and/or additives are spinels and structures 
based on spinels including the transition metal aluminates, 
manganates, ferrites, chromates, cobaltates, silicates, and 
aluminosilicates. More specifically, additives such as chro- 
mium oxide, iron oxide, nickel oxide, cobalt oxide, manga- 
nese oxide, and aluminates, manganates, ferrites, chromates, 
cobaltates of these and their mixtures are added to existing 
EBC systems or included in or as top layers to produce the 
needed color centers. Additives such as Cr 2 0 3 , CoO, Fe 2 0 3 , 
NiO, MnO, CoA 1 2 0 4 , NiAL 2 0 4 , CoCr 2 0 4 are particularly 
useful. 

In accordance with a further embodiment of the present 
invention, it is desirable to use porous pyrochlore structures 
(A 2 B 2 0 7 ordered, or defect fluorite structures as described 
above) as additives to or as potential top layer compositions 
because they retain micro structure at high temperatures up to 
at least 1 500° C. because they resist sintering. These include 
zirconates, titanates, hafnates, of rare earths such as Y, Gd, 
Nd, Ho, Er, Pr, Pm, Sm, and Eli and other ordered compounds 
which are sinter resistant due to increased diffusional dis- 
tances within their structures. 

In a still further embodiment, a top layer of a sacrificial 
pore former composed of a high vapor pressure phase com- 
prises for example free silica within a low vapor pressure 
phase matrix comprising for example free alumina, zirconia, 
hafnia, titania or mullite will lead to a continuously forming 
scattering center system. This may be represented by a system 
such as mullite with free silica or simply mullite alone in a 
steam environment in which the silica is volatized out of the 
structure leaving behind porous alumina. Another example of 
this type of system may be niobium oxide or tantalum oxide 
in a steam- stable transition metal oxide (such as oxides of 
hafnium, titanium or zirconium or mixtures thereof). 

When applied as a top coat, thickness in the range of 0.005 " 
to 0.020" placed on the surface of the EEC can serve to 
increase the emittance of the EBC system thereby reducing or 
eliminating radiative heat transfer through the EBC system. 
Alternatively, doping the existing EEC protective layer with 
up to 25% by vol., preferably between 5% to 20% by vol., of 
the abovementioned additives produce the desired effect. 

If the additive of the present invention as provided in a top 
coat, the top coat may be applied to the EBC in any manner 
known in the art including, but not limited to thermal spray- 
ing, chemical vapor deposition, physical vapor deposition, 
slurry based routes, dipping, painting, melt coat, etc. If an 
EBC layer is to be doped with the additive of the present 
invention, a process for doping is again well known in the art 
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and includes for example alloying and mechanical mixing 
followed by thermal spraying or other coating processing 
mentioned above. 

It has been found in accordance with the present invention 
5 that the additive of the present invention extends the life of 
protective coatings heretofore employed on Si-based sub- 
strates in high temperature, aqueous environments and, par- 
ticularly, in the temperature range up to at least 1500° C. 

This invention may be embodied in other forms or carried 
1 0 out in other ways without departing from the spirit or es sential 
characteristics thereof. The present embodiment is therefore 
to be considered as in all respects illustrative and not restric- 
tive, the scope of the invention being indicated by the 
appended claims, and all changes which come within the 
15 meaning and range of equivalency are intended to be 
embraced therein. 

What is claimed is: 

1. An article comprising a silicon containing substrate and 
an environmental barrier coating protective layer disposed 

20 thereon for inhibiting transmission of radiant energy, the pro- 
tective coating comprises at least a top layer, wherein the 
environmental barrier coating protective layer is doped with 
an additive present in an amount of 5% to 25% by volume of 
said environmental barrier coating protective layer which 
25 inhibits transmission of radiant energy in the wavelength 
region of the electromagnetic spectrum of between 0.7 to 5.0 
microns, wherein the additive comprises a color center 
selected from the group consisting of spinels, transition metal 
aluminates, manganates, ferrites, chromates, cobaltates, 
30 oxides of chromium, iron, nickel, cobalt, manganese, and 
mixtures thereof. 

2. An article according to claim 1, wherein the additive is 
selected from the group consisting of Cr 2 0 3 , CoO, Fe 2 0 3 , 
NiO, MnO, CoA 1 2 0 4 , NiAl 2 0 4 , CoCr 2 0 4 and mixtures 

35 thereof. 

3. The article of claim 1, further comprising a top layer 
disposed upon said environmental barrier coating protective 
layer. 

4. A process for the deposition of a protective coating on a 
40 Si-based substrate, comprising the steps of: 

providing a Si -containing substrate; and 

depositing an environmental barrier coating on the sub- 
strate, 

wherein the environmental barrier coating is doped with an 
45 additive present in an amount of 5% to 25% by volume 
of the environmental barrier coating which inhibits the 
transmission of radiant energy in the wavelength region 
of the electromagnetic spectrum of 0.7-5 microns, 
wherein the additive comprises a color center selected 
50 from the group consisting of spinels, transition metal 
aluminates, manganates, ferrites, chromates, cobaltates, 
oxides of chromium, iron, nickel, cobalt, manganese, 
and mixtures thereof. 

5. The process of claim 4, further comprising depositing a 
55 top layer upon said environmental barrier coating. 

6. An article comprising a silicon containing substrate and 
an environmental barrier coating protective layer disposed 
thereon for inhibiting transmission of radiant energy, the 
environmental barrier coating protective layer is doped with 

60 an additive present in amount of 5% to 25% by volume of said 
environmental barrier coating protective layer which inhibits 
transmission of radiant energy in the wavelength region of the 
electromagnetic spectrum of between 0.7 to 5.0 microns, 
wherein the additive comprises a porous pyrochlore structure 
65 selected from the group consisting of rare earth zirconates, 
titantates, hafnates and mixtures thereof having a general 
formula A 2 B 2 0 7 where A is at least one rare earth element and 
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B is at least one of Zr, Hf and Ti, said porous pyrochlore 
structure imparts a porosity to said environmental barrier 
coating protective layer. 

7. The article of claim 6, further comprising a top layer 
disposed upon said enviromnental barrier coating protective 5 
layer. 

8. An article comprising a silicon containing substrate and 
an environmental barrier coating protective layer disposed 
thereon for inhibiting transmission of radiant energy, the pro- 
tective coating comprises at least a top layer, wherein the to 
environmental barrier coating protective layer disposed 
thereon is doped with an additive present in an amount of 5% 

to 25% by volume of said enviromnental barrier coating pro- 
tective layer which inhibits transmission of radiant energy in 
the wavelength region of the electromagnetic spectrum of 15 
between 0.7 to 5.0 microns, wherein the additive comprises a 
sacrificial pore former comprising a high vapor pressure 
phase within a lower vapor pressure phase matrix with respect 
to an air and/or steam environment which results in the con- 
tinuous formation of scattering centers at temperatures up to 20 
at least 1 ,500° C., said sacrificial pore former imparts a poros- 
ity to said environmental barrier coating protective layer. 

9. An article according to claim 8, wherein the sacrificial 
pore former comprises silica in a matrix containing at least 
one of: Zr0 2 , A1 2 0 3 , Hf0 2 , Ti0 2 , and rare earth oxides. 25 

10. An article according to claim 8, wherein the sacrificial 
pore former is selected from the group consisting of mullite, 
silica, Ta 2 O s , Nb 2 O s , complex silicates and mixtures thereof. 

11. An article according to claim 8, wherein the additive is 
present in an amount between 5% to 20% by vol. 

12. The article of claim 8, further comprising a top layer 
disposed upon said environmental barrier coating protective 
layer. 

13. A process for the deposition of a protective coating on 
a Si-based substrate, comprising the steps of: 

providing a Si-containing substrate; and 

depositing an environmental barrier coating on the sub- 
strate, 
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wherein the environmental barrier is doped with an addi- 
tive present in an amount of 5% to 25% by volume of the 
environmental barrier coating which inhibits the trans- 
mission of radiant energy in the wavelength region of the 
electromagnetic spectrum of 0.7 -5 microns, wherein the 
porous pyrochlores is selected from the group consisting 
of rare earth zirconates, titantates, hafnates and mixtures 
thereof having the general formula A 2 B 2 0 7 where A is at 
least one rare earth element and B is at least one of Zr, Hf 
and Ti, said porous pyrochlores impart a porosity to said 
environmental barrier coating. 

14. The process of claim 13, further comprising depositing 
a top layer upon said environmental barrier coating. 

15. A process for the deposition of a protective coating on 
a Si-based substrate, comprising the steps of: 

providing a Si -containing substrate; and 

depositing an environmental barrier coating on the sub- 
strate, 

wherein the environmental barrier coating is doped with an 
additive present in an amount of 5% to 25% by volume 
of the environmental barrier coating which inhibits the 
transmission of radiant energy in the wavelength region 
of the electromagnetic spectrum of 0.7-5 microns, 
wherein the additive comprises a sacrificial pore former 
comprising a high vapor phase within a lower vapor 
phase matrix which results in the continuous formation 
of scattering centers at temperatures up to at least 1 ,500° 
C., said sacrificial pore former imparts a porosity to said 
environmental barrier coating. 

16. A process according to claim 15, wherein the sacrificial 
pore former comprises silica in a matrix containing at least 
one of: Zr0 2 , A1 2 0 3 , Hf0 2 , Ti0 2 , and rare earth oxides. 

17. A process according to claim 15, wherein the sacrificial 
pore former is selected from the group consisting of mullite, 
silica, complex silicates, Ta 2 0 5 , Nb 2 0 5 and mixtures thereof. 

18. The process of claim 15, further comprising depositing 
a top layer upon said environmental barrier coating. 



